Enhanced Na /H exchange, measured as amiloride derivative-sensitive Na and H fluxes in cells with a preliminary acidified cytoplasm (vW H -induced Na /H exchange), is one of the most prominent intermediate phenotypes of altered vascular smooth muscle cell (VSMC) function in spontaneously hypertensive rats (SHR). Analysis of Na /H exchange in F 2 hybrids of SHR and normotensive rats seems to be the most appropriate approach in the search for the genetic determinants of abnormal activity of this carrier. However, the measurement of vW H -induced Na /H exchange is hardly appropriate for precise analysis of the carrier's activity in VSMC derived from several hundred F 2 hybrids. To overcome this problem, we compared the rate of 22 Na influx under baseline conditions and in Na -loaded (ouabain-treated) VSMC. The dosedependency of the rate of vW H -induced H efflux as well as of 22 Na influx in control and ouabain-treated cells on ethylisopropylamiloride (EIPA) concentration were not different (K 0X5 V0.3 WM), suggesting that these ion transport pathways are mediated by the same carrier. EIPA-sensitive 22 Na influx in Na -loaded cells was V6-fold higher than in ouabain-untreated VSMC and was increased by 50^70% in two different substrains of SHR. About the same increment of EIPA-sensitive 22 Na influx in Na -loaded VSMC was observed in 5-to 6-week-old SHR (an age at which hypertension has not yet developed) as well as in stroke-prone SHR (SHRSP) with severe hypertension, indicating that the heightened activity of Na /H exchange is not a consequence of long-term blood pressure elevation. To examine whether or not the augmented activity of Na /H exchange in SHR is caused by mutation of NHE1, i.e. the only isoform of this carrier expressed in VSMC, we undertook single-stranded conformational polymorphism analysis of 23 NHE1 cDNA fragments from SHR and SHRSP and sequencing of the 456^2421 NHE1 cDNA fragment. This study did not reveal any mutation in the entire coding region of NHE1. The lack of mutation in the coding region of NHE1 indicates that the augmented activity of the ubiquitous Na /H exchanger in primary hypertension is caused by altered regulation of carrier turnover number or/and its plasma membrane content. ß
Introduction
During the last decade, it was shown that vascular smooth muscle cells (VSMC) from spontaneously hypertensive rats (SHR) display abnormalities of several ion transport pathways, including Na /H exchange, Na , K , Cl 3 co-transport and L-type Ca 2 channels which persist in culture and may be involved in the development of enhanced VSMC contractility as well as vessel wall hypertrophy seen in hypertension (for recent review, see [1] ). The abovelisted ion transporters are under the control of various regulatory factors, and identi¢cation of the molecular mechanisms of these abnormalities by the candidate gene approach is pending. For example, the activity of the ubiquitous isoform of Na /H exchanger (NHE1) is regulated by several types of protein kinases and phosphoprotein phosphatases, heterotrimeric and small molecular weight GTPbinding proteins, including G 12 proteins coupled to proteins of the Rho family, the Ca 2 -calmodulin complex, the newly discovered calcineurin homologous protein and the non-identi¢ed signaling cascade induced by cell shrinkage (for review, see [2^5] ).
Complementary to the candidate gene approach, analysis of the functional properties of VSMC from F 2 hybrids of spontaneously hypertensive and normotensive rats allows us to map quantitative gene loci (QTL) and, under su¤cient density of markers of the rat genetic linkage map, genes that are responsible for the above-mentioned intermediate phenotypes of primary hypertension. The same approach permits us to examine the segregation of altered VSMC phenotypes with blood pressure, establishing their role in the pathogenesis of this disease. It should be underlined, however, that the search for QTLs of abnormal ion transporter activity in primary hypertension seems to be reasonable if their altered activity is not secondary to long-term elevation of blood pressure, is not caused by mutation within the gene encoding these transporters, and if appropriate methods are available for highly reproducible analysis in several hundreds of F 2 hybrids. It is important to emphasize that analysis of the initial rate of Na and H £uxes in cells with a preliminary acidi¢ed cytoplasm (vW H -induced Na /H exchange) used in the overwhelming number of studies on VSMC from SHR (for review, see [1, 6] ) is hardly applicable for precise estimation of the activity of this carrier in extensive numbers of samples from F 2 hybrids due to the extremely rapid dissipation of the transmembrane H gradient. Considering this, in the present investigation, we developed a new method for estimating Na /H exchange in cultured VSMC based on measurement of the rate of ethylisopropylamiloride (EIPA)-sensitive 22 Na in£ux in Na -loaded cells, which allows simultaneous analysis of up to 100 samples. Our results demonstrate that the activity of Na /H exchange, measured by this methods, is increased in SHR and stroke-prone SHR (SHRSP) from di¡erent colonies by 50^70% as well as in SHR in the prehypertensive stage. The presence of mutations in the coding region of NHE1, the only isoform of the Na /H exchanger expressed in VSMC, was excluded by SSCP analysis and sequencing of NHE1 cDNA fragments.
Materials and methods

Cell culture
We studied cells harvested from the aortas of male SHR, stroke-prone SHR (SHRSP) and normotensive Wistar^Kyoto rats (WKY) from inbred colonies maintained at the Cardiological Research Center, Moscow, Russia (SHR M , SHRSP M , WKY M ), SHRSP and WKY from inbred colonies maintained at the University of Glasgow, UK (SHRSP Gla , WKY Gla ) and SHR/NCr1BR and WKY/NCr1BR from Taconic Farms (SHR T , WKY T ). In addition, SHR M in the prehypertensive stage as well as female SHR M and WKY M were used in some of these experiments. Age and blood pressure of the animals are reported in Section 3.
VSMC were obtained by enzymatic dissociation of the aortas, seeded and grown in Dulbecco's modi¢ed Eagle's medium (DMEM) with 20% fetal calf serum (Gibco-BRL, Burlington, Ont., Canada), 100 U/ml penicillin, 100 Wg/ml streptomycin and 2 mM glutamine, as described in detail elsewhere [7] . When the cells reached con£uency in 7^10 days, they exhibited a hill-and-valley pattern which is typical of smooth muscle cells in culture. Under these conditions, the VSMC reacted positively to speci¢c smooth muscle myosin antibodies, as examined by £uorescence mi-croscopy. VSMC were passaged by treatment with 0.05% trypsin (Gibco) in Ca 2 -and Mg 2 -free Dulbecco's phosphate-bu¡ered saline and incubated in 85 cm 2 tissue culture £asks at a density of 10 5 cells/ ml. This study was performed on VSMC between 4 and 10 passages. Before the experiments, the cells were plated in 24-well ( 22 Na in£ux) or 85 cm 2 plates (H e¥ux and RNA extraction) and allowed to grow in DMEM containing 20% fetal calf serum until subcon£uency. To establish quiescence, this medium was replaced for 48 h by DMEM containing 0.2% calf serum. Cell protein content was determined by the Lowry method.
2.2.
22 Na in£ux VSMC were washed twice with 2 ml of medium A containing 150 mM NaCl and 10 mM HEPES-Tris bu¡er (pH 7.4), then preincubated for 1 h in medium B containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 5 mM D-glucose and 20 mM HEPES-Tris bu¡er (pH 7.4) (control VSMC) or in medium B with the addition of 1 mM ouabain (Na -loaded VSMC). Next, the medium was aspirated and this was followed by the addition of 0.25 ml of medium C containing 15 mM NaCl, 125 mM choline chloride, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 5 mM D-glucose and 20 mM HEPES-Tris bu¡er (pH 7.4), 1 mM ouabain, 10 WM bumetanide, 4 WCi/ml 22 NaCl with or without 10 WM EIPA. Isotope uptake was terminated by the addition of 2 ml of ice-cold medium D containing 100 mM MgCl 2 and 10 mM HEPES-Tris bu¡er (pH 7.4). The cells were washed with 4U2 ml of ice-cold medium D and lysed with 1 ml of 1% SDS/4 mM EDTA mixture. Radioactivity of the cell lysate (A (cpm)) and incubation medium was measured by liquid scintillation analyzer TR-1600 (Canberra-Packard, Mississauga, Ont., Canada). Na in£ux (I inf ) was determined as I inf = A/a o mt, where a o is a speci¢c radioactivity of 22 Na in the incubation medium (cpm/nmol), m is the protein content in the cell lysate (mg) and t is the incubation time (min). The kinetics of 22 Na uptake by control and Na -loaded cells in the absence and presence of EIPA are shown in Fig. 1 . To evaluate the initial rate of Na in£ux, incubation time was limited to 5 min. The activity of Na /H exchange was estimated as the rate of EIPA-sensitive 22 Na in£ux. Intracellular Na content in control and ouabain-treated cells was measured as a steady-state distribution of extra-and intracellular 22 Na, as described in detail previously [8] .
vW H+ -induced H + e¥ux
VSMC growing in 85 cm 2 £asks were harvested with DMEM containing 0.05% trypsin and 0.1% EDTA, washed once with DMEM containing 10% calf serum and twice with medium B containing 0.1% BSA, then incubated for 30 min at room temperature in 3 ml of the same medium containing 10 WM BCECF-AM. To create an electrochemical proton gradient (vW H ), the cells were sedimented, washed in medium E containing 145 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 5 mM D-glucose and 20 mM MES-Tris bu¡er (pH 6.0) and incubated for 5 min in the same medium containing 10 WM nigericin. The cells were subsequently washed twice with nigericin-free medium E containing 0.1% BSA and kept in 1 ml of the same medium at room temperature. vW H -induced H e¥ux was initiated by the addition of 0.2 ml of cell suspension to 2.5 ml of medium C (Na -containing medium) or medium C with equimolar substitution of NaCl by choline chloride (Na -free medium), and £uorescence of BCECF was measured with SPEX FluoroMax spectro£uorimeter (Edison, NJ) at V ex 495 and 440 nm, slit 5 nm and V em 530 nm, slit 12 nm. Fluorescence was calibrated in term pH i in Na -free medium in the presence of 10 WM nigericin under the addition of aliquots of 1 M Tris [9] . Fig. 2 shows that the kinetics of pH i recovery were inhibited sharply in Na -free medium, indicating the major contribution of Na /H exchange. Additional evidence for the key role of this carrier in vW H -induced H e¥ux was obtained in a study on the e¡ect of EIPA (see below). The activity of Na /H exchange (mmol l 31 min 31 ) was estimated as VUBC, where V is the initial rate of pH i recovery (pH unit per min; Fig. 2 ) and BC is the bu¡er capacity of the cytoplasm (mmol l 31 pH unit 31 ) measured after the addition of 2.5 mM NH 4 Cl in Na -free medium as
where [NH 4 Cl] = 2.5 mM, pH o , pH i and vpH i are, respectively, extracellular, intracellular and change of intracellular pH following the addition of NH 4 Cl, and pK is the dissociation constant (8.89) [10] . BC values in VSMC from SHR T and WKY T varied from 45 to 55 mmol l 31 pH unit 31 , which is in accordance with previously reported data [11] .
RT-SSCP analysis of NHE1
Total RNA from VSMC growing in 85 cm 2 £asks was isolated by the guanidine-thiocyanate method [12] . Reverse transcription (RT) was performed with 1 Wg total RNA, 10 Wl 5U¢rst strand bu¡er (Gibco), 0.1 M dithiothreitol, 0.5 mM of each dNTP, 10 ng/Wl oligo(dT) 12À18 and 200 U Moloney murine leukemia virus reverse transcriptase (Gibco); ¢nal volume was adjusted with water to 50 Wl. After 60-min incubation at 37³C, the reaction was stopped by 5-min heating at 100³C, and the samples were stored at 320³C.
To amplify NHE1 cDNA fragments, oligonucleotide primers were designed using the published sequence of rat NHE1, accession number M85299 [13] . Primers were synthesized with Gene Assembler Plus (Pharmacia LKB, Uppsala, Sweden) by the phosphate triester method. The structures of the primers from 5P-to 3P-end are given below. The position of the ¢rst nucleotide is designated in parentheses, and the directions of the primers are shown in lows: 3 min at 95³C, 3 min at 57³C, 5 min at 72³C (¢rst cycle), 1 min at 94³C, 1 min at 57³C, 2 min at 72³C with 2 s extension per cycle (34 cycles) followed by 7 min of elongation at 72³C. PCR products were examined by 1.2% agarose gel electrophoresis with ethidium bromide staining and kept at 4³C. Then, 5-Wl aliquots of PCR products were incubated overnight with 30 U of the restriction endonucleases shown in Fig. 3 in accordance with the Gibco BRL protocol, followed by phenol^chloroform extraction and ethanol precipitation. The pellets were dissolved in 50 Wl of 50 mM Tris-HCl (pH 7.5), 4 mM EDTA, 0.1% SDS, and applied onto 6% polyacrylamide gel. Restriction analysis of all tested PCR fragments was in agreement with the predicted pattern based on the NHE1 sequence from the Sprague^Dawley strain [13] and did not reveal di¡erences between SHR T , SHRSP Gla , WKY Gla and WKY T (data not shown).
SSCP analysis of PCR products was performed as described previously [14] . To optimize the protocol, in preliminary experiments, we varied the percentage of polyacrylamide gel, the cross-linking reagent/ acrylamide ratio and glycerol concentration. Finally, two conditions were chosen to get the best resolution for all tested fragments. DNA fragments less than 200 nucleotides were separated on 8% polyacrylamide gels without glycerol with an N,NP-methylene bisacrylamide/acrylamide ratio of 1/30, w/w. To denature DNA before electrophoresis, 3 Wl of samples were mixed with 17 Wl of 95% formamide, 20 mM EDTA, 0.05% Bromphenol blue, 0.05% xylene cyanol and heated at 97³C for 5 min. The samples were chilled immediately on ice and loaded onto polyacrylamide gel. Electrophoresis was performed in 90 mM Tris-borate (pH 8.3), 4 mM EDTA at 5^20 V/cm at room temperature in the Sequi-Gen Nucleic Acid Sequencing Cell (Bio-Rad, Mississauga, Ont., Canada). For the analysis of DNA fragments greater than 200 nucleotides, we used the same conditions, but polyacrylamide gel concentration was 6% with an N,NP-methylene bisacrylamide/acrylamide ratio of 1/50, w/w. After electrophoresis, the gels were transferred to Whatman paper and analyzed by PhosphorImager (Molecular Dynamics, Sunnyvale, CA). To further examine putative mutations in the 4562 421 cDNA fragment showing instability under SSCP analysis (see below), it was subcloned into pT7 Blue T-Vector (Novagen, Madison, WI) and sequenced by using the dideoxy chain-termination method with ALF DNA sequencer (Pharmacia). 
Results and discussion
3.1. vW H+ -induced H + e¥ux and 22 Na in£ux in control and Na + -loaded cells VSMC from SHR
As seen in Fig. 4a , the rate of H e¥ux from cells with a preliminary acidi¢ed cytoplasm (vW H -induced H e¥ux) was increased by 70% in SHR T compared to WKY T (27.3 þ 3.0 and 16.0 þ 2.6 mmol l 31 min 31 , respectively, P 6 0.05). This transport pathway was quenched in the absence of extracellular Na (Fig. 2, curve 2 ) and was dose-dependently inhibited by EIPA (Fig. 4a) , showing that these di¡erences are caused by activation of the Na /H exchange. These results are in accordance with the data on the enhanced activity of Na /H exchange in SHR VSMC obtained by this methods in several laboratories (for review, see [1, 6] ).
It should be underlined, however, that determination of Na /H exchange activity as a rate of vW Hinduced H e¥ux contains several intermediate steps, such as cells trypsinization, loading with BCECF, calibration of the £uorescent signal, measurement of the bu¡er capacity of the cytoplasm that complicates its usage for the analysis of extensive numbers of samples from F 2 hybrids and decreases the measurement potential. To overcome this problem, we studied the EIPA-inhibited component of 22 Na in£ux in cells attached to plastic support. This method allows simultaneous measurement of ion transport in four to six 24-well plates. Rapid dissipation of the transmembrane proton gradient under elevation of extracellular pH (Fig. 2) does not permit precise measurement of vW H -induced Na in£ux. It has been shown, however, that the amiloride-sensitive component contributes to V50% of total 22 Na uptake by VSMC under basal conditions [15] . Our results demonstrated that similarly to vW H -induced H e¥ux, the EIPA-inhibited component of 22 Na in£ux in VSMC with a non-acidi¢ed cytoplasm was increased in SHR compared to WKY (8.9 þ 1.1 and 5.3 þ 0.9 nmol mg protein 31 
min
31 , respectively, P 6 0.05, Fig. 4b ). Half-maximal inhibition of vW H -induced H e¥ux (Fig. 4a ) and baseline 22 Na uptake (Fig. 4b) was observed at 0.3 WM of EIPA. These results suggest that both H e¥ux and Na in£ux are mediated by the same transporter. However, a signi¢cant contribution of Na o /H i exchange to EIPA-sensitive 22 Na uptake under basal conditions seems unlikely. Indeed, it is well-documented that the rate of Na -dependent H e¥ux at baseline values of pH i (7.0^7.1) is negligible [16, 17] . In addition, we observed only slight e¡ect of 1-h application of EIPA on intracellular sodium concentration (Table 1) . Considering these results and data on Na i and H i competition for binding with the transporting site of Na /H exchange [18] , it may be assumed that under baseline conditions, EIPA-sensitive 22 Na in£ux is mainly mediated by Na o /Na i mode of operation of the carrier. This conclusion is further supported by data on the drastic increment of EIPA-sensitive 22 Na in£ux in Na -loaded cells. Indeed, Fig. 1 shows that EIPAsensitive 22 Na in£ux was V6-fold higher in ouabaintreated cells, whereas the EIPA-resistant component was increased by 2-fold only in ouabain-treated cells compared to control cells. This moderate increment of EIPA-resistant 22 Na uptake in Na -loaded cells may be caused by the presence of the EIPA-resistant Na /Na countertransporter, similar to that revealed in human erythrocytes [19] or by linearization of the kinetics of 22 Na uptake due to elevation of the size of the intracellular pool of exchangeable Na . As seen in control cells, EIPA did not a¡ect intracellular Na content in ouabain-treated cells. Under baseline conditions, intracellular Na content was increased in SHR T VSMC by V30% (P 6 0.1). These results are in accordance with recent data on elevated content of sodium in aortic cryosections from SHR obtained by electron-probe X-ray microanalysis [20] . We did not observe any di¡erences between SHR and WKY in the content of intracellular Na in ouabain-treated VSMC (Table 1) . 22 Na in£ux was highly signi¢cantly increased in ouabain-treated VSMC from SHR T compared to WKY T (61.0 þ 3.0 vs. 39.5 þ 2.6 nmol mg protein 31 
31 , P 6 0.001, Fig. 4c) . Similarly to vW H -induced H e¥ux and 22 Na in£ux in ouabain-untreated VSMC, these di¡erences were completely abolished by 3 WM EIPA (7.9 þ 1.3 and 8.0 þ 1.0 nmol mg protein 31 5 min 31 in SHR and WKY, respectively, Fig. 4c ). Considering these results, the EIPA (10 WM)-sensitive component of the rate of 22 Na in£ux in ouabain-treated VSMC was used as a measure of activity of the Na /H exchanger in further experiments.
In£uence of the number of passages
It has been reported that di¡erences in the rate of vW H -induced H e¥ux between VSMC from SHR and WKY are diminished with an increase in the number of cell passages [17, 21] . In light of this, we compared the rate of EIPA-sensitive 22 Na in£ux in VSMC from WKY and SHR at passages 4, 7 and 10, using VSMC isolated from 2 WKY rats (nos. 1 and 2) and 2 SHR (nos . 3 and 4, Fig. 5 ). Two major conclusions follow from this study. First, the rates of EIPA-sensitive 22 Na in£ux in VSMC at passages 4 and 7 were not signi¢cantly di¡erent; at both passages, the mean values obtained for SHR were increased by 75^85% compared to WKY (P 6 0.005). To measure the steady-state distribution of 22 Na, VSMC were preincubated for 3 h in DMEM containing 3^4 WCi/ml 22 Na. During the last 1 h, ouabain and EIPA were added to the incubation medium, as indicated in the left column. Cell passages from 7^9 were used in this study. The means þ S.E. of experiments performed in quadruplicate are given.
At passage 10, the rate of EIPA-sensitive 22 Na in£ux was augmented by only 33% (P 6 0.01) in SHR compared to WKY, due mainly to the increased activity of ion transporter in WKY. VSMC at passages between 5 and 8 were, therefore, used in further experiments. Second, the standard deviation values obtained by analysis of the carrier's activity in VSMC from the same animals were much lower than those obtained when data from two animals were pooled (Fig. 5) . This observation suggests that intraindividual di¡erences and/or some uncontrolled steps during VSMC isolation are a major source of variability in the activity of Na /H exchange within substrains of normotensive and hypertensive animals obtained by this method.
EIPA-sensitive Na + in£ux in SHR and SHRSP from di¡erent colonies
Taking into account the variability of Na /H exchanger activity between VSMC from di¡erent animals of the same strain (Fig. 5) , we compared EIPAsensitive 22 Na in£ux in three to four stocks of VSMC obtained from two substrains of SHR (SHR T , SHR M ), two substrains of SHRSP (SHRSP Gla and SHRSP M ) and three substrains of normotensive rats (WKY T , WKY M , WKY Gla ). Table 2 shows that the rate of EIPA-sensitive 22 Na in£ux in Na -loaded VSMC was increased by 50^70% in all substrains of SHR and SHRSP.
In£uence of age
EIPA-resistant 22 Na in£ux was 30^35% lower in VSMC isolated from the aortas of young rats compared to adults (Table 2) , which is in accordance with data obtained in a study of vW H -induced H e¥ux from isolated mesenteric arteries [22] . However, as in adult rats, the rate of EIPA-sensitive 22 Na in£ux was increased by 60% in young SHR compared to age-matched WKY (Table 2 , P 6 0.02). This table also shows that severe hypertension in the SHRSP colony from Moscow (BP s 200 mm Hg) was not accompanied by further elevation of the activity of this carrier. Viewed collectively, these data strongly suggest that the augmented activity of the Na /H exchanger in SHR VSMC is not caused by chronic elevation of blood pressure. Since the increase in Na /H exchange in SHRSP was not greater than in SHR, it may be assumed that elevated activity of this carrier is not directly related to end-organ damage developing in SHRSP.
In£uence of gender
In searching for QTLs of abnormal Na /H exchange activity using F 2 hybrids of SHR and normotensive rats, it is important to determine whether or not males and females can be combined in the study. To answer this question, we compared the rate of EIPA-sensitive 22 Na in£ux in Na -loaded VSMC isolated from the aortas of hypertensive and normotensive males and females. Table 3 shows that EIPAsensitive 22 Na in£ux was 9 and 22% lower in WKY and SHR females than in normotensive and hypertensive males, respectively. In SHR males, this parameter was increased by 54% (P 6 0.02) compared to WKY. In SHR females, EIPA-sensitive 22 Na in£ux was 31% higher than in WKY females; however, this di¡erence was not statistically signi¢cant. These results are consistent with the in£uence of gender on the activity of the platelet Na /H exchanger [23] , erythrocyte Na /Li countertransporter and Na ,K co-transporter [24] .
Analysis of NHE1 cDNA
Northern blot analysis has shown that NHE1 is the only isoform expressed in VSMC [25] . Considering this, it may be assumed that the augmented activity of Na /H exchange in VSMC from SHR and SHRSP is caused by a mutation within NHE1. Two polymorphisms were found in the ¢rst intron of human NHE1, and one of these was used to study its linkage with increased erythrocyte Na /Li countertransport and coronary artery disease as markers of genetic predisposition for hypertension in Utah pedigrees [26] . In this subpopulation, linkage of NHE1 polymorphism with the major locus for Na /Li countertransport has been excluded with a LOD score of 35.9. After calculating the frequency of al- 6 0.001 6 0.02 P 3Y5 6 0.001 6 0.01 P 6Y7
6 0.001 6 0.02
n is the number of animals used to prepare m independent stocks of VSMC. Na -loaded cells were obtained by 1-h preincubation with ouabain. The means þ S.E. of m experiments performed in triplicate are given. Systolic blood pressure (BP) was measured in preliminary prewarmed animals by means of tail plethysmography. BP values for WKY T and SHR T were provided by the supplier. Cell passages from 5 to 8 were used in this study. NS, not signi¢cant. For more details, see Section 2. NS n is the number of animals used to prepare m independent stocks of VSMC. Na -loaded cells were obtained by 1-h preincubation with ouabain. The means þ S.E. of m experiments performed in triplicate are given. Cell passages from 5 to 8 were used in this study. NS, not signi¢cant. For more details, see Section 2. lele sharing between normotensive and hypertensive siblings, Lifton and co-workers did not observe cosegregation of the NHE1 polymorphic locus with hypertension [26] . However, despite a lack of co-segregation with blood pressure, this analysis does not exclude the presence of other mutation(s) localized in the coding or non-coding region of NHE1. It should also be underlined that cell physiology studies have shown di¡erent functional properties of EIPA-resistant erythrocyte Na /Li countertransport and NHE1 expressed in nucleated cells [19] , suggesting that these carriers are encoded by distinct genes. In addition, the activity of the Na /Li countertransporter is unaltered in about 50% of Caucasians with essential hypertension [27] . These hypertensives were omitted in the Utah study.
To search for mutations in NHE1 as a possible mechanism of Na /H exchanger activation in spontaneous hypertension, we analyzed by RT-SSCP the entire coding region of the gene (2463 bp) and partially both the 5P-and 3P-£anking untranslated regions (306 and 183 bp of each, respectively) of cDNA derived from VSMC RNA of SHRSP Gla , SHR T and WKY from two di¡erent colonies. RT-SSCP does not allow analysis of a sequence corresponding to oligonucleotide primers. However, these regions were covered by other fragments that were ampli¢ed from neighbouring regions (Fig. 3) . To resolve the SSCP of DNA fragments by gel electrophoresis, the large fragments were additionally digested by restriction enzymes. In several cases, the second restriction enzyme was used for SSCP analysis in short fragments obtained under restriction of RT-PCR products with the ¢rst enzyme (1^3/PstI vs. 1^3/HaeIII, 2^6/AluI vs. 2^6/HaeIII, 7^9/Taq 1 vs. 7^9/HaeIII+Pst I, Fig. 3) . A comprehensive analysis of 23 fragments performed in triplicate did not reveal any di¡erences between SHR T , SHRSP Gla and two substrains of normotensive WKY rats with the exception of an extra single band in 1^3/Pst fragment c from WKY seen in two of four experiments (Fig. 6 ). This region was further analyzed using two to three fragments and subfragments obtained by digestion of one to three and two to six fragments with HaeIII and AluI (Fig. 3) . These experiments did not identify any polymorphism between SHR T , SHRSP Gla , WKY T and WKY Gla (Fig. 6) . Finally, to examine whether the extra band in SSCP of 1^3/c fragment from WKY was caused by non-speci¢c ampli¢cation rather than by mutation in this region, we sequenced the 1965-bp fragment ampli¢ed with primers 1 and 6 and subcloned into pT7 Blue T-Vector. In these experiments, we did not observe any di¡erence between cDNA probes from SHRSP Gla , WKY Gla and WKY T and their sequences were identical of those of Sprague^Dawley NHE1 cDNA [13] . Taken together, these results indicate the absence of mutations within coding region of NHE1 from SHR and SHRSP.
Our results do not exclude a possibility of mutation in other neighbouring regions, including regions of introns, which might in£uence expression of the gene. It should be stressed, however, that studies performed in two laboratories did not report any di¡erences in NHE1 mRNA expression between SHR and WKY [17, 25] . Data on NHE1 protein level in VSMC from hypertensive rats are still a matter of controversy. Siczkowski and co-workers did not ¢nd di¡erences in immunoreactive NHE1 protein content between cultured VSMC from SHR and WKY [ 16, 28, 29] . In contrast, LaPointe with co-workers using another set of antibodies observed that NHE1 protein content is not altered in freshly isolated aorta, but increased in cultured VSMC from SHR [30] . The relative abundance of plasma membrane and intracellular compartments with NHE1 protein has not yet been examined.
In conclusion, our results show that EIPA-sensitive 22 Na uptake by ouabain-treated cells can be used as a highly sensitive method for registering the enhanced activity of Na /H exchange in cultured VSMC from SHR. EIPA-sensitive 22 Na uptake is increased to the same extent in VSMC from 5^6-week-old SHR, an age where hypertension has not yet developed, and SHRSP with severe hypertension, showing the major impact of heritability rather than chronic elevation of blood pressure on activity of the carrier. A lack of mutations in the coding region of NHE1 suggests that the enhanced activity of the ubiquitous Na /H exchanger, the only isoform expressed in VSMC, is caused by augmented content of the carrier's molecules in sarcolemma of SHR VSMC or by altered regulation of their turnover number. We believe that analysis of EIPA-sensitive 22 Na uptake in ouabain-treated VSMC from F 2 hybrids of normotensive and hypertensive rats will lead to the identi¢cation of gene loci related to the enhanced activity of Na /H exchange and its segregation with elevated blood pressure and/or pathophysiological markers of complications of chronic hypertension. The in£uence of gender and the number of VSMC passages on the activity of this carrier observed in the present study should be considered in the search for QTL of abnormal Na /H exchanger activity.
